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Massive stars exploding in a He-rich circumstellar medium. 
I. Type Ibn (SN 2006jc-like) events 
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, , ABSTRACT 

■ We present new spectroscopic and photometric data of the type Ibn supernovae 2006jc, 2000er 

" " ' and 2002ao. We discuss the general properties of this recently proposed supernova family, 

which also includes SN 1999cq. The early-time monitoring of SN 2000er traces the evolution 
of this class of objects during the first few days after the shock breakout. An overall similarity 
in the photometric and spectroscopic evolution is found among the members of this group, 
which would be unexpected if the energy in these core-collapse events was dominated by the 
interaction between supernova ejecta and circumstellar medium. Type Ibn supernovae appear 
to be rather normal type Ib/c supernova explosions which occur within a He-rich circumstellar 
environment. SNe Ibn are therefore likely produced by the explosion of Wolf-Rayet progeni- 
tors still embedded in the He-rich material lost by the star in recent mass-loss episodes, which 
resemble known luminous blue variable eruptions. The evolved Wolf-Rayet star could either 
result from the evolution of a very massive star or be the more evolved member of a mas- 
sive binary system. We also suggest that there are a number of arguments in favour of a type 
Ibn classification for the historical SN 1885 A (S-Andromedae), previously considered as an 
anomalous type la event with some resemblance to SN 1991bg. 

Key words: supernovae: general — supernovae: individual (SN 2006jc, SN 1999cq, SN 
2000er, SN 2002ao, SN 1885 A) 
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1 INTRODUCTION 

The most massive stars, i.e. those with initial masses larger than 
30Mo, are thought to end their lives with the core-collapse ex- 
plosion of a Wolf-Rayet (WR) star. Before this stage, many of 
them undergo a short period of instability called the luminous 
blue variable ( LBV) phase. This phase probably lasts of order 
10''-10^ years ([Maeder & Mevnet|[l987: iHumphrevs & DavisonI 



■ 2006 Dec 22\ 



2007 Mar 22 



ll994lBohannan lliggTl i lVink & de Koter1l2002l ; ISmithll2008l) , dur- 



ing which they lose mass through recurrent mass-loss episodes. 
Most LBVs undergo fairly minor variability (typically below 1 
magnitude) which is commonly called the S Doradus phase. But 
occasionally LBVs experience giant outbursts in which their lumi- 
nosity rapidly incre ases and they can reach absolute visual mag- 
nitudes around -14 (Davidson & Humphrevs |[l997l : lMaund et al.1 
[2005; Van Dvk et al. 2006), accompani ed by the ejection of a 
large portion of their hydrogen envelope ISmith & Owocki Il2006h . 
An overview of our curre nt knowledge of LBVs can be found in 
der Genderen I j200lh . At the time of explosion, which is ex- 
pected t o occur a few x 10^ years after the last major LBV outburst 
(seee.g. lHeeeretal. 2003: Eldridge & Tout 2004), the mass of the 
WR star is expected to be of the order of 15-20Me. These stars may 
eventually explode as type lb supernovae (SNe lb) if they have lost 
the whole H envelope, or as type Ic supernovae (SNe Ic) if the stars 
are also stripped of their He mantle s (for a comprehensive descrip- 
tion o f the different SN types see iFilippenko lll997l : iTuratto et al. I 
l2007h . 

However, rece nt work i G al- Yam et al. 1 l2007l : lKotak& VinkI 
l200d [ Smith et al. ][2007) has suggested the possibility that some 
very massive stars may explode already during the LBV phase, 
producing luminous supe rnovae (SNe). Previous ly, a post-LBV 
channel was proposed bv ISalamanca et aL 1 ( l2002h to explain the 
observed properties of the type Iln SN 1997eg. In the proposed 
scenario, LBVs may eventually produce SNe which show high 
luminosity, blue colour, narrow Ha line in emission, and very 
slow spectro-photometric evolution. Their spectra are dominated 
by very narrow (<1000 km s"'), prominent H emission lines which 
sometimes show complex, multicomponent profiles. The se objects 
would therefore belong to the so-called type Iln SN class dSchlegell 
Il990h . The observed properties of these events are consistent with a 
scenario in which a significant fraction of the kinetic energy of the 
SN ejecta is converted into radiation via interaction with a dense, 
H-rich circumstellar medium (CSM). 

A new clue for the death of the most massive stars 
has recently been proposed fo r the explosion of t he pe- 
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length regions have been also prese nted 

[Anupama et al. (2007); Pi Carlo et al. I 12008); Sakon et al. 
(l2007h . iPastorello et al.1 l l2007a) showed the amazing discovery 
that a major outburst, reaching Mr = -14.1 (i.e. an absolute 
magnitude which is comparable to that of LBV eruptions), oc- 
curred only two years before the explosion of SN 2006jc, at ex- 
actly the same position as the SN and inferred that the two events 
must be physically related. The physical connection between the 
two transients is supported by analysis of the SN spectra. These 
are indeed blue and dominated by relatively narrow (~2200 km 
s"') He I lines in emission (hence the new classification as type 
Ibn, LPastorello et al. 2007a), likely indicating a type Ib/c SN em- 
bedded within a dense, massive He-rich envelope. Unlike SNe 
Iln, the photometric evolution of this object is extremely rapid. 




Figure 1. Late R-band images of SN 2006jc. Liverpool Telescope image 
obtained on December 22, 2006 (left) and a very late VLT image (March 
22, 2007; right). In this image, the SN is only marginally detectable and it 
is very close to a luminous star-forming region. North is down. East is to 
the left. 



while the spectra do not change as quickly as the luminosity. 
The best studied object of this type is SN 2006jc, but three addi- 
tional events which appear to be spectroscopically rather similar 
have been found: SNe 1999cq, 2000er and 2002ao (discov ered by 
iModiaz & Li1ll999l:IChassagne II2OO0I : iMartin et al7ll2002l respec- 
tivelv). Ipolev et akl (|2007') first proposed that 2006jc-like events 
may constitute a distinct c lass of core-collapse SNe exploding in a 
He-rich CSM. SN 20051a jPuckett et ani2005h is also a somewhat 
similar SN, although with some unique properties. One might rea- 
sonably consi der it as interm ediate between a type Ibn and a type 
Iln event (see lPastorello et all2008ah . 

This article is the firs t of a series of thre e papers (together 
with IPastorello et al.ll20083 : iMattila et al. Il2008h in which we will 
discuss some peculiar, transitional events possibly produced by the 
explosions of very massive stars. In this work we will focus on the 
properties of the 4 objects which belong to the type Ibn SN family. 
Some of the data analysed in this paper have already been publishe d 
dMatheson et"Z]|2000l : iFolev et al. IlioOTi: IPastorello et al]|2007ah . 
others have never been shown before. For SN 1999cq we do not 
present new data, but we consider only those of Mathe son et al. I 
(2000). The afore mentioned SN 20051a, which ha s even more pe- 
culiar characteristics, will be analysed separately dPastorello et al.l 
l2008ai) . 

The paper is organised as follows: in Section |2| the proper- 
ties of the host galaxies of the SN sample are introduced, includ- 
ing reddening and distance estimates. Spectroscopic and photomet- 
ric observations are presented in Section [3] and Section |4| respec- 
tively. The quasi-bolometric light curve of SN 2006jc is presented 
in Section 1431 while the parameters derived from the bolometric 
light curve modelling are discussed in Section 1431 In Section |5] 
we examine two different plausible scenarios for the progenitors of 
SN 2006jc and similar events, while in Section |6| we estimate the 
frequency of type Ibn events. Finally, a short summary is reported 
in Section|7] 



2 SNE IBN AND THEIR HOST GALAXIES 

All four objects forming the sample of SNe Ibn analysed in this 
paper exploded in spiral galaxies, but showing different character- 
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Figure 2. R-band images of SN 2000er (left) and SN 2002ao (right). They were obtained on November 26, 2000 using the ESO 3.6m Telescope in La Silla 
(Chile) and on February 7, 2002 using the lAC 80-cm, in La Palma (Canary Islands, Spain), respectively. 

Table 1. Basic information on our SN sample. Distances (d, column 7) and distance moduli (fi, column 8) have been derived from the recession velocities of 
LEDA connected for Local Group infall into the Virgo Cluster, a nd assuming Hp = 71 k m s" ' Mpc" ' . In column 6 the integrated metallicity of the host galaxies 
(see text) is reported. In column 9 the Galactic reddening from lSchlegel et al~l )l998|) and in column 10 t he adopted (total) reddening are provided, while in 
column 1 1 the Julian Date of the light curve peak is indicated. The extinction law of lcardelli et aTl )l989h . with Rv/=3. 1 , is adopted throughout this paper. 
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Galaxy 


Type 


12+log(0/H) 
(dex) 


d 

(Mpc) 


(mag) 


Eg(B-V) 
(mag) 


E(B-V) 
(mag) 


JD(max) 
+2400000 


Reference 


1999cq 


18''32"07nO 


+37°36'44'.'3 


UGC 11268 


Sbc 


9.3 


114 


35.29 


0.054 


0.15 


51348±4 
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2000er 


02''24"32^54 


-58°26'18'.'0 


PGC9132 


Sab 


9.2 


128 


35.53 


0.033 


0.11 


51869±8 


t 


2002ao 


14''29'"35^74 


-00°00'55'.'8 


UGC 9299 


SABc 


8.6 


23 


31.79 


0.043 


0.25 


52283±10 


i, 


2006jc 


O9''17'"20':78 


+41°54'32'.'7 


UGC 4904 


SBbc 


8.5 


26 


32.04 


0.020 


0.02 


54008±15 





gi lMatheson et al. I ilOOdl : t this paper; » lFolev et al.1 i2007h ; H lPastorello eTal] i2007ij) . 



istics. While the galaxies hosting SNe 1999cq and 2000er are lumi- 
nous spirals, both SNe 2002ao and 2006jc are hosted by similarly 
blue, under-luminous (about Mg ~ -16.0 and -18.3 for UGC 9299 
and UGC 4904, respectively), barred spiral galaxies. 

Us ing a lumi n osity-m etallicity relation jXremonti et al. I 

l2004h . IPrieto et al. I ( l2008h find that the host galaxies of 
SNe 2002ao and 2006jc are rather metal-poor. On their scale (they 
adopt the Solar oxygen abundance of 12+log(0/H) = 8.86 dex of 
lOelahave & Pin sonneault 2006), the oxygen abundance of these 
faint galaxies is 12+log(0/H) ~ 8.5 dex. However, we should bear 
in mind that the absolute values of chemical abundances based on 
nebular lines vary by as much as 0.5 dex de pending on the cali - 
bration (lBresoliijl2007h . hence when using the lPrieto et al. I ^20081) 
values we should relate them to their likely Milky Way solar-type 
abundances. If we assume an absolute magnitude of -21 for the 
Milky Way their "solar abundance" would be 9.0 ± 0.2 dex. This 
would suggest the host galaxies of SNe 2002ao and 2006jc have 
subsolar metallicity of 0.4Zq. 

As mentioned a bove, the galaxies hosting SNe 1999cq 
jMatheson et al. Il2000h and 2000er are significantly different, be- 
ing both very l uminous (M^ — 21.7 and -21.4, respectively) spi- 
rals. l^remDntTet al. (2004) have employed Sloan Digital Sky Sur- 
vey imaging and spectroscopy of a relatively nearby (0.005 < z 
< 0.25) large sample of star-forming galaxies (about 53000) and 
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produced an empirical fit between galaxy absolute magnitude and 
metallicity. Again, despite their absolute scale is st ill un certain due 
to difficulties in calibrating the strong nebular lines l lBresolinl2007h . 
we will adopt this and note the differential abundance between a 
typical Milky Way solar-type value of 9.0 dex and the integrated 
galaxy abundances. The galaxy hosting SN 1999cq, UGC 11268, 
is of Sbc type, with a B-band absolute magnitude of -21.7 (accord- 
ing to the LEDjA []database). The luminosity-metallicity relation of 
IXremonti et al. I ((2004) for this magnitude gives an integrated abun- 
dance of 12+log(0/H) » 9.3 + 0.2 (dex), significantly higher than 
those derived for the host galaxies of SNe 2006jc and 2002ao. The 
metall icity measurements using the relation from iTremonti et ^ 
( |2004|) might lead to a slight overestimate of the true abundances at 
the position of SN1999cq because of their selection criteria (see 
Section 7 of ITremonti et al. 1 12004|) . and galactocentric position. 
However as SN 1999cq lies in the central part of the host galaxy 
(4.3" off-centre, i.e. with a de-projected distance of 2.4 kpc from 
the nucleus) we would expect the metallicity at the SN location not 
to deviate too much from the global value quoted. 

SN 2000er occurred in the edge-on peculiar/interacting Sab 
ESO 115-G9 galaxy, which has a B-band absolute magnitude of 
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Table 2. Main information on tlie new spectra of SNe 2006jc, 2000er and 2002ao presented in tliis paper. 



Date 


JD 


Phase (days) 


Instrumental configuration 


Range (A) 


Resolution (A) 


SN 2006jc 


Dec 20, 2006 


2454089.60 


81.6 


Ekar 1.82m + AFOSC + gr.4 


3650-7800 


24 


Dec 26, 2006 


2454095.74 


87.7 


WHT 4.2m + ISIS + R300B+R158R 


3200-9550 


7+10 


Feb 08, 2007 


2454139.64 


131.6 


WHT 4.2m + ISIS + R300B+R158R 


3050-9080 


7+10 


Mar 22-23-24, 2007' 


2454182.58 


174.6 


VLT UT1+ FORS2 + gr.300I + OG590 


5900-11100 


10 


SN 2000er 


Nov 25, 2000 


2451873.69 


4.7 


ESO 3.6m + EFOSC2 + gr.5 


5170-9270 


16 


Nov 26, 2000 


2451874.68 


5.7 


ESO 3.6m + EF0SC2 + gr.l 1 


3350-7230 


16 


Nov 27, 2000 


2451875.72 


6.7 


ESO 3.6m + EF0SC2 + gr.l3 


3670-9290 


20 


Nov 29, 2000 


2451877.67 


8.7 


ESO 3.6m + EF0SC2 + gr.l3 


3670-9290 


20 


Nov 30, 2000 


2451878.70 


9.7 


ESO 3.6m + EFOSC2 + gr.l 3 


3670-9290 


20 


SN 2002ao 


Jan 30, 2002 


2452304.62 


21.6 


Wise Im + FOSC + gm.600 


4150-7800 


18.5 


Jan31, 2002^ 


2452306.24 


23.2 


Gunma 0.65m + GCS + 300gr./mm 


3810-7650 


12 


Feb 01, 2002 


2452306.61 


23.6 


Wise Im + FOSC + gm.600 


4150-7800 


18.5 


Feb 05, 2002 


2452311.26 


28.3 


AAT + RGO + gm.300b 


3280-9290 


6.5 


Feb 08, 2002 


2452313.60 


30.6 


Wise Im + FOSC + gm.600 


4150-7800 


18.5 



The final spectrum shown in this paper is obtained averaging 6 individual VLT spectra with 2820 seconds of exposure time each, and obtained during three 
subsequent nights: March 22, 23 and 24. The mean Julian Day (JD) and the phase are computed averaging the JDs of the individual observations. 

' Not shown in Fig.|4]because of its low signal-to-noise. 



-21.4 (LED A). The Tremond et al. (2004) relation gives an inte- 
grated oxygen abundance 12+log(0/H) a 9.2 ± 0.2 (dex). Even 
though early-type spirals have shallow abundance gradients, in this 
case the effect may not be negligible at the supernova distance. 
Since the host galaxy inclination is close to 90 degrees, adopting 
a distance of ESO 115-G9 of about 130 Mpc, the de-projected dis- 
tance of the SN is about 30±10 kpc. If we assume that the abun- 
dance gradi ent is similar to the m ean value, about -0.02 (dex) kpc"' 
obtained bv lDutil & Rov I fl999 i) for this galaxy type, the expected 
abundance at the SN location will be ~8.9±0.2 dex, which is around 
solar. 

Basic information on the four SNe and their host galaxies 
(taken from LED A) is reported in Table [T] Two R-band images of 
SN 2006jc at late phases are shown in Fig. [T] and R-band images 
of SNe 2000er and 2002ao in Fig. |2] An image of the host of SN 
1999cq can be found in the Lick Observatory Supernova Search 
web pages0 The distances of the 4 host galaxies were determined 
using the recession velocities corrected for the effect of the Local 
Group infall into the Virgo Cluster and a value of Ho = 71 km s"' 
Mpc"' . The adopted distance moduli are reported in Table[T] 

The unusual blue colour observed in SN 2006jc and its rela- 
tively peripheral location within the host galaxy suggest that this 
SN suffered very little interstellar extinction. Hereafter we will 
adopt for SN 2006jc a to tal reddening of E(B -V) = 0.02 (equal to 
the Galactic compon ent. ISchlegel et al. Ill998b, in agreement wit h 
the values adopted by lPastorello et alJ l l2007iJ) : lFolev et all feOOVh : 
ISmith et al. ](l2008f). By contrast, there is indication of some addi- 
tional extinction inside the parent galaxies for the other three SNe. 

The low-resolution spectra of SN 2000er show evidence of 
narrow interstellar Na ID at the rest wavelength of the host galaxy, 
indicating that some dust in the parent galaxy is extinguishing the 
SN light. From the equivalent width of the doublet (EW = 0.48A) 



• \http://astro.berkeley.edii/~biiit/1999/sn99cq.htmi\ 



obtained averaging the meas urements from 5 different spectra, and 
using the lTuratto etal.l ( l20C)3i) relation, we obtain E(B-V) = 0.08. 
Taking into account the Galaxy contribution from ISchlegel et alTI 
( 119981) we derive a total E(B-V) = 0.1 1. Similarly, f or SN 1999cq 



an upp er limit of E(B-V) < 0.45 was obtained by Ma theson et al. I 
( 120001) using again the EW of the Na ID interstellar line. However, 
applying other techniques, they found this limit to be probably not 
stringent, and a more reliable upper limit was estimated to be E(B- 
V) < 0.25, although an even lower, possibly negligible extinction 
was not excluded. Hereafter we will adopt E(B - V) = 0.15 as a 
best value for SN 1999cq, most of which is due to the host galaxy. 
Finally, the spectra of SN 2002ao have modest signal to noise and 
the detection of narrow interstellar lines is not trivial. We will adopt 
a total reddening E(B-V) = 0.25, as obtained from a comparison 
with the col ours of SN 2006|c at si milar phases (Section [3.21 but 
also Fig. 3 in lPastorello et al.ll2008ij) . 

The values of the total interstellar reddening adopted for the 
4 SNe of our sample are reported in Table [T] along with the epochs 
of the light curve maxima, as estimated using spectroscopic and 
photometric comparison criteria (see Section [J!2l for more details). 
Hereafter, throughout the paper, the phases computed from the 
epochs of the maxima will be used. 



3 SPECTROSCOPIC OBSERVATIONS 

The 4 SNe discussed in this paper were initially classified 
as pe culiar type Ib/c SNe (Filippenko 1999;_ Maury etajj 



200(1: IClocchiatti&Turattol l2000f: 



Dennefeld & Patris I 



Gal-Yam et aP l200 2al: iKinugasa et al 
2002b ; Filippenko & Chornock 



20021: iGal-Yam et al I 



2OO2I: ICrotts et al 



2OO1 



iFesen etal. 1 120061 : IBenetti et al. I l2006al : TModiaz et al. 1 12006^. In 
this section we present some of these classification spectra plus 
a few unpublished spectra of SNe 2006jc, 2000er and 2002ao 
(details are listed in Table |2j. These spectra are analysed along 
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Figure 3. Top: spectroscopic evolution of SN 2000er soon after tlie explosion. Bottom: comparison with spectra of other SNe Ibn. observed at later phases. 
Vertical red dashed lines mark the position of the main He I features, while the dot-dashed green lines reveal the rest wavelength position of Ha and H/?. All 
spectra have been dereddened as indicated in Table[T] Note the broad OI /17774 feature beginning to develop in the +7 days spectrum, and becoming stronger 
at +10 days. The vfwhm of this feature is about 5300 ± 1 100 km s"'. 



with those shown in previous publication s jMatheson et"ani2000l : 
iPastorello et alj2007al : lFolev et al. Il2007h . and the implications are 
discussed below. 



3.1 Early Spectra 

The only type Ibn SN for which early phase spectra are avail- 
able is SN 2000er. Those spectra are shown in Fig. [3] (top panel) 
and a comparison wit h later spectra of other SNe Ibn is shown 
in the bottom panel jPastorello eTa l. 2007a; iFolevetal.j |2007| : 
iMatheson et al. I2OO0I) . 

The spectra of SN 2000er are quite blue, in agreement with 
its adopted young age at the time of the observations (see TableO. 
The first spectrum (November 25) is almost featureless: only the 
narrow P-Cygni lines of He I are clearly visible. The subsequent 
spectra start to develop more prominent He I emission components, 
while there is no evidence for the H Balmer lines. The prominent 
He I lines show narrow P-Cygni profiles. This is a significant dif- 
ference compared to the spectra of other SN Ibn events presented 
so far JMa theson et al. 2000; Foley et al. 2007; Pastorello et al, 
l2007ah . These narrow components are indicative of the presence of 
a slowly expanding (-800-900 km s"') CSM around the SN. The 



same He I lines show however also broader wings, with fuU-width- 
half-maximum (FWHM) velocity Wfwhm ~5000 km s"', suggest- 
ing that some helium is also present in the fast-moving SN ejecta. 
A broad 01 AlllA feature is detected with a Vfwhm consistent with 
that of the broad He I line wings. The broad Ca II IR feature has 
not yet developed. Although the spectra of SN 2000er are from an 
early phase, they show most of the features detected in the spectra 
of other SNe Ibn (Fig.O. 

We notice that SN 1999cq was discovered very young 
dMatheson erZ1l200(lh , and of all the SNe Ibn it is very likely that 
this is the one discovered closest to the explosion epoch. However, 
the first spectrum by Matheson et al. (2000) was not taken until a 
few weeks after the discovery announcement, hence an opportunity 
for very early spectral coverage was missed for this object. 



3.2 Intermediate-Age Spectra and Phase Calibration 

Using the spectra available for the 4 SNe, along with the photo- 
metric data (see Section O, we have attempted a consistent esti- 
mate of the phase of all the objects of our type Ibn SN sample. 
The almost featureless spectra of SN 2000er and their rapid evo- 
lution (Fig. |3j are indicative that the SN was probably discovered 
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Figure 4. Top: spectroscopic e volution of SN 2002ao. The 21st February spectrum from lFolev et al. I ^2007^ has been included. Bottom: comparison of spectra 
of SN 2002ao and SN 2006jc (Pastorello et al."2007al; lFolev et al. XlQOf ) at about 4 weeks and 6 weeks past maximum. The spectra of SN 2002ao have been 
dereddened by E(B-V)=0.25 magnitudes, while those of SN 2006jc by E(B-V)=0.02 magnitudes. 



within about one week from the explosion. Similarly, the photomet- 
ric data of SN 1999cq, and in particular the stringent pre-discovery 
limit, suggest that thi s object was also discovered very young (see 
iMatheson et al. ||2000 . and Section|4l(. By contrast, the presence of 
more prominent spectral features in the SN 2006jc spectra indicates 
that this object was discovered at a slightly later phase, a couple of 
weeks after the explosion or ~10 days after maximum light. As a 
further consistency check on the phase calib ration, we have verified 
that the SN 1999cq spectrum presented in IMatheson et al. I j2000l) 
closely resembles the spectrum of SN 2006jc obtained on October 
24th, 2006. 

Dating SN 2002ao is less straightforward because this object 
was discovered late and it was not intensively monitored. Some 
spectra of SN 2002ao, obtained when the SN was already quite 
evolved compared to SN 2000er, are shown in Fig.|4] A unique and 
remarkable feature of the spectrum at +6 weeks is that the He I 
lines show a double-component profile, with a narrow component 
(900-1500 km s"') on top of a broader one (4000-5000 km s"'). 
This broader component was indeed not evident in the spectra of 
SN 2006jc (see e.g. the unblended He I 7065A feature in Fig.|4l 
bottom panel). This indicates that, although most He was lost by 
the progenitor of SN 2002ao during the WR phase, some He was 
still present in the star's envelope and ejected at the time of the 



SN explosion (analogous to that observed in SN 2000er). Apart 
from this difference, the spectra of SN 2002ao are rather similar 
to those of SN 2006jc obtained 1-2 months past-maximum. The 
phase of these spectra was therefore calibrated with reference to 
SN 200 6ic, using as a reference a best-fit comparison code (Pass- 
partoo, iHarutvunvan et al7ll2008l) . We gave more weight to the 
bluest (below -5500 A) and the reddest (beyond about 7200 A) 
regions of the spectrum than to the intermediate wavelength region 
(5500-7200 A) as these were less contaminated by the prominent 
narrow circumstellar lines. In particular, we note that the highest 
signal-to-noise (S/N) s pectra of SN 2002 ao obtained on February 
5th and February 21st jpolev et al. Il2007l see also Fig.O provide 
a good fit (in terms of line velocity and relative strengths of the 
broad lines) to th e spectra of SN 2006jc at phases -1-24 and 4-41 
days respectively jPastorello etai]|2007.j) . 

3.3 Nebular Spectra 

Contrary to other type Ibn SNe for which only few sparse ob- 
servations exist, SN 2006jc was extensively monitored during the 
first ~ 70 days after discovery (Pastorello et al. 2007a; Foley et ah] 
l2007h . This makes SN 2006jc the best observed object of this class. 
The existing spectral database of SN 2006jc covers its evolution 
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Figure 5. Spectroscopic evolution of SN 2006jc. Some early time spectra from lPastorello et^ i2007ah plus unpublished late-time spectra are shown. 

starting from about 10 days after the inferred max imum hght (see 
Table [l] and Section lT2t . Some early spectra from lPastorello et al] 
1 12007 ah and new late-time spectra of SN 2006jc are shown in Fig.|5] 
The VLT spectrum was obtained by merging a sequence of spectra 
obtained between March 22nd and 24th, 2007 (with an integrated 
exposure time of more than 6 hours). This is, to our knowledge, the 
latest optical spectrum existing for an object of this class. 

The last 2 spectra (February and March, 2007) are completely 
different from those obtained in December, 2006 (see Fig-H}. They 
do not show the strong blue continuum characterizing the spec- 
tra of SN 2006jc at earlie r phases or the flu x excess at the redder 
wavelengths discussed bv iSmith et al. I ( l2008h . Moreover there is no 
clear evidence of the broad emission lines characterising SNe Ib/c 
at similar phases. Instead, prominent and narrow (^fWH/n ~ 1800- 
1900 km s"') He I lines can be identified and still dominate the 
spectrum about 6 months after the explosion. A further difference 
to earlier spectra of SN 2006jc lies in the strength of Ha, which 
is almost comparable with the 6678A He I line in the February 
spectrum (phase — hl32 days; see Fig.|5ll, although even narrower 
(VfivHM ~ 1000 km s"'). This indicates the presence of an outer, 
H-rich circumstellar shell beyond the He I layer which is likely 
ionised by photons from ejecta-CSM interaction or by high-energy 
photons propagated through the He-rich region. 



3.4 Overall Evolution 

The spectra collected for our SN Ibn sample allow us to illustrate 
the spectroscopic evolution for this SN type (see Fig.|6j. The phases 
are calibrated with reference to the epochs of maximum reported in 
Tabled 

Despite a considerable uncertainty in the explosion epochs 
and in the interstellar reddening estimates, there appears to be a 
remarkable homogeneity in the spectroscopic properties among the 
objects. This is also evident from a check of the profiles of the nar- 
row He I lines in our SN sample. The evolution of the line profiles 
of the features at 5876A, 6678A and 7065A is shown in Fig.|7]and 
has been obtained making use of the spectra of 4 different SNe Ibn. 
This homogeneity in the spectral properties would be quite surpris- 
ing if the ejecta were strongly interacting with a pre-existing CSM, 
because the density, geometry and composition of the CSM would 
be expected to affect significantly the evolution of SNe Ibn. One 
possibility is that the homogeneity in the observed properties of 
SNe Ibn may indicate that the ejecta-CSM interaction is playing a 
minor role in the evolution of these SNe. 

The most significant difference among SNe Ibn lies in the 
strength of the narrow H spectral lines (Fig. [6] where the position 
of Ha is marked by a dot-dashed vertical line, see also Fig. [7] cen- 
tral panel). This likely indicates some variation in the abundance of 
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Figure 6. S pectroscopic evolution for a representative sample of S Ne Ibn. The spectra are reddening-corrected. The +44'' spectrum of SN 2002ao is from 
lFolevetal.l l i2007i) : those of SN 2006jc from +13'' to +76'' are from lPastorello et alj iioOT^) . The vertical dot-dashed line marks the Ha rest wavelength. 



H in the innermost CSM region. To a lesser degree there are differ- 
ences in the widths and profiles of the circumstellar He I lines. 



4 LIGHT CURVES 

New photometric data of SNe 2000er, 2002ao and 2006jc are re- 
ported in Table |3] The photometric measurements in the reduced 
images (i.e. after overscan, bias and flat field corrections) have 
been performed using standard PSF-fitting procedures in the cases 
of SNe 2000er and 2006jc, since reliable galaxy templates were 
not available. Conversely, for SN 2002ao we have subtracted the 
host galaxy contribution using images of the SN field obtained 
in April 2007, using the 1.82m Copemico Telescope of Mt. Ekar 
(Asiago, Italy). Photometric zeropoints were then computed using 
standard fields from the Landolt ( 1990) catalogue observed during 
some photometric nights, and then the SN magnitudes were cali- 
brated after comparison with the magnitudes of reference stars in 
the fields of the three SNe (for more details on the method see e.g. 
IPastorello et alj20o3) . The local sequence calibrated for SN 2006jc 
is the same as adopted infPastorello et al. (2007a). 

SN 2000er was also observed in J, H, and K bands with the 
SOFT near-lR imager mounted on ESO NTT at a single epoch, on 
2001 Jan. 11. The SOFl images were reduced using standard IRAF 
procedures and the photometry was performed using PSF fitting 
procedures. The photometric data were calibrated using 2MASS 
magnitudes. This yielded magnitudes of 20.20 ± 0.26, 20.37 ± 
0.30, and 19.45 ± 0.28 for SN 2000er in the J, H, and K bands. 



He 1 6678A 




-aooo-4000 4000 sooo -aooo-4000 4000 eooo -Booo-4000 4000 eooo 
V (km s"') 



Figure 7. Profiles of some selected He I lines for a representative sample 
of spectra of SNe Ibn. The s pectra are redden i ng-cor rected. The +21'' spec- 
trum of SN 1 999cq is from iMatheson et al. I bOOOl) . that of SN 2002ao at 
+44'' is from lFolev et al. I i2007l). whi le those of SN 2006jc from +13'' to 
+25'' are from lPastorello et al.l <2007 j) . 
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Table 3. Additional, unpublished late time photometry of SN 2006jc, plus new photometry for SNe 2000er and 2002ao. 



Date 


JD 


Phase 


U 


B 


V 


R 


I 


Instrument 


SN 2006jc 


Dec 20, 2006 


2454089.65 


81.7 




19.53 (0.09) 


19.53 (0.07) 


19.16 (0.08) 


18.16 (0.06) 


Mt.hkai-1.82m+AFuSC 


Dec 22, 2006 


2454091.57 


83.6 


18.95 (0.05) 


20.03 (0.06) 


19.98 (0.06) 


19.69 (0.06) 


18.44 (0.03) 


LT-2.0m+RatCam 


Dec 30, 2006 


2454099.51 


91.5 


19.67 (0.32) 




20.74 (0.21) 


20.27 (0.17) 


19.05 (0.07) 


LT-2.0m+RatCam 


Jan 08, 2007 


2454109.51 


101.5 


>20.21 


21.62 (0.22) 


21.64 (0.34) 


21.15 (0.22) 


19.90 (0.12) 


LT-2.0m+RatCam 


Jan 14, 2007 


2454114.70 


106.7 




22.11 (0.22) 


22.04 (0.38) 


21.60 (0.28) 


20.12(0.25) 


LT-2.0m+RatCam 


Jan 17, 2007 


2454117.70 


109.7 




22.57 (0.13) 


22.59 (0.26) 


21.85 (0.18) 


20.30 (0.10) 


LT-2.0m+RatCam 


Feb 06, 2007 


2454138.44 


130.4 




>22.71 


>22.70 


22.93 (0.38) 


21.17 (0.41) 


LT-2.0m+RatCam 


Feb 07, 2007 


2454139.45 


131.5 








23.05 (0.21) 


21.33 (0.14) 


WHT-4.2m+Aux Port Imager 


Feb 08, 2007 


2454139.78 


131.8 






23.59 (0.38) 






WHT-4.2m+Aux Port Imager 


Feb 11, 2007 


2454143.38 


135.4 




>23.29 


>23.10 


23.46 (0.41) 


21.64(0.28) 


LT-2.0m+RatCam 


Mar 11, 2007 


2454171.41 


163.4 






24.27 (0.14) 


24.05 (0.25) 


22.96 (0.10) 


WHT-4.2m+Aux Port Imager 


Mar 22, 2007 


2454181.57 


173.6 








24.37 (0.45) 


23.30 (0.68) 


VLT-UT2+FORS1 


SN 2000er' 


Nov 25, 2000 


2451873.68 


4.7 








16.29 (0.01) 




ESO-3.6m+EFOSC2 


Nov 25, 2000 


2451873.69 


4.7 








16.31 (0.01) 




ESO-3.6m+EFOSC2 


Nov 26, 2000 


2451874.67 


5.7 




16.73 (0.01) 


16.47 (0.01) 


16.36 (0.01) 




ESO-3.6m+EFOSC2 


Nov 27, 2000 


2451875.70 


6.7 








16.54 (0.01) 




ESO-3.6m+EFOSC2 


Nov 29, 2000 


2451877.65 


8.7 








16.65 (0.01) 




ESO-3.6m+EFOSC2 


Nov 29, 2000 


2451877.66 


8.7 








16.65 (0.01) 




ESO-3.6m+EFOSC2 


Nov 30, 2000 


2451878.68 


9.7 








16.74 (0.01) 




ESO-3.6m+EFOSC2 


Feb 02, 2001 


2451942.54 


73.5 




23.42 (0.10) 


23.38 (0.20) 


23.32 (0.17) 




ESO-3.6m+EFOSC2 


SN 2002ao 


Feb 07, 2002 


2452312.74 


29.7 




16.79 (0.03) 


16.51 (0.02) 


16.21 (0.02) 


16.09 (0.02) 


IAC-0.80m+CCD 


Feb 08, 2002 


2452313.75 


30.8 




16.88 (0.06) 


16.60 (0.02) 


16.29 (0.02) 


16.21 (0.03) 


IAC-0.80m+CCD 


Feb 10, 2002 


2452315.66 


32.7 




17.09 (0.05) 


16.80 (0.04) 




16.37 (0.03) 


IAC-0.80m+CCD 


Feb 13, 2002 


2452319.33 


36.3 








16.91 (0.05) 




Kiso-1.05m+CCD 


Feb 13, 2002 


2452319.34 


36.3 








16.93 (0.04) 




Kiso-1.05m+CCD 


Feb 14, 2002 


2452320.34 


37.3 




17.75 (0.24) 


17.34 (0.25) 


17.25 (0.26) 


16.97 (0.14) 


Kiso-1.05m+CCD 


Feb 18, 2002 


2452324.62 


41.6 




18.09(0.04) 




17.42 (0.03) 




Wise-l.Om+CCD 


Mar 04, 2002 


2452338.57 


55.6 






18.82 (0.41) 


18.88 (0.55) 


18.37 (0.30) 


Wise-l.Om+CCD 


Mar 05, 2002 


2452339.52 


56.5 






18.98 (0.31) 


19.04 (0.28) 


18.43 (0.23) 


Wise-l.Om+CCD 


Mar 07, 2002 


2452341.57 


58.6 






19.53 (0.21) 


19.17 (0.27) 


18.88 (0.21) 


Wise-l.Om+CCD 


Apr 02, 2002 


2452366.95 


84.0 






22.15 (0.41) 


22.03 (0.44) 




Kuiper-1.55m+CCD 


Apr 03, 2002 


2452367.94 


84.9 






22.21 (0.44) 






Kuiper-1.55m+CCD 


Apr 05, 2002 


2452369.50 


86.5 






>20.78 


>20.61 


>20.27 


Wise-l.Om+CCD 


Apr 13,2002 


2452377.51 


94.5 




>20.10 


>20.64 


>19.77 


>19.67 


Wise-l.Om+CCD 


Apr 13, 2002 


2452378.42 


95.4 






>18.49 


>18.91 




Wise-l.Om+CCD 


Apr 18, 2002 


2452383.41 


100.4 






>20.61 


>20.25 


>19.83 


Wise-l.Om+CCD 


May 05, 2002 


2452399.84 


116.8 




>22.14 


>22.06 


>22.19 


>22.00 


Bok-2.3m+CCD 


Apr 16, 2007 


2454206.50 


1923.5 




>22.69 


>22.32 


>22.08 


>22.04 


Mt.Ekar-1.82m+AFOSC 


Apr 19, 2007 


2454210.49 


1927.5 




>21.87 


>22.13 


>21.86 


>21.15 


Mt.Ekar-1.82m+AFOSC 



K-corrected magnitudes of SN 2000er. The K-correction applied to the data of Feb 2, 2001 was estimated using a spectrum of SN 2006jc at similar phase 
(+74 days), reddened byE(B-V) = 0.11 and then shifted to the z value of the galaxy hosting SN 2000er. 



respectively. Apart from SN 2006jc, SN 2000er is the only type Ibn 
SN which was observed in the NIR domain. 

In Fig. [8] the R-band absolute light curve o f SN 2000er is 
compa r ed with the light curves of SNe 2006jc jPastorello et alJ 
l2007a': 'Foley et al. ' '2007^■ 1999cq (unfiltered, approximately R 
band, Matheson et al. 2000) and 2002ao (Foley et al. 2007). These 
light curves were computed by adopting the distances and inter- 
stellar extinction values reported in Table [T] Since the host galaxy 
of SN 2000er has relatively high redshift, a K-correction to the 
observed magnitudes was applied. The correction (always within 
0.1 magnitudes) was computed making use of the early-time SN 
spectra plus a late time spectrum of SN 2006jc, artificially extin- 
guished and redshifted to match the values of E(B-V) and redshift 



of the host galaxy of SN 2000er. Although also the host galaxy of 
SN 1999cq has a n high r edshift, no K-correction was applied to the 
data of Mathes on et al. 1 12000) because of the lack of spectral cov- 
erage. Actually, the redshift effect on the broad-band magnitudes of 
SN 1999cq might be non-negligible. 

SNe 1999cq and 2000er are particularly important because 
they show the early post-maximum evolution of the light curve 
for representative objects of this family. The evolution during the 
first month after peak is remarkably homogeneous. A very bright 
peak magnitude (not far from M^; — 20) is probably a common 
characteristic of SNe Ibn. At about 40 days, the light curve of 
SN 2006jc settles on a slower decline, indicating that the SN has 
likely reached the exponential tail. Soon after (between 50 and 
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Figure 8. R-band absolute light cui-ves for our 2006jc-like SN sample, ob- 
tained with the distance and reddening assumptions of Table [T] The un- 
filtered observations of SN 1999cq from iMatheson et aU j2000f) are also 
shown. The most significant detection limits are also reported. 



60 days), the light curve becomes again steeper, with the slope 
being similar to those of other SNe Ibn observed at late phases. 
The very rapid luminosity decline may indicate that either a very 
small amount of ^^Ni is ejected by the objects of this class, or 
that new dust formed in the SN ejecta or in the surrounding CSM. 
The formation of new dust is supported by the large infrared ex- 
cess obseryedJn_SN200&cstMta 



erv jArkharov et al. l20o| :ISmith et al. '2008>:'Di Carlo et al. '20o3: 
iTominaga et al. II2007I : ISakon et al. 2007; Mattila et al. 2008D, a 
progressively redder spectral continuum and a clear red-wing at- 
tenuation in the profiles of the He I c ircumstellar spectral lines 
dSmith et al.]|2008l ; iMattila et al. II2008I) . Condensation of dust in 
the ejecta of a few core-colla pse SNe has been observed at late 
times (see lMeikle et al. Il2007l and references therein). Moreover, 
another scenario in which new dust condensed in a cool dense shell 
produced by the impact of the SN ejecta with a dense CSM has pre- 
viously been proposed to explain the IR exce ss observed in the t ype 
Iln SN 1998S at epochs later than 300 days jPozzo et al. ||2004|) . In 
SN 2006jc it is likely that a similar mechanism took place but pro- 
ducing new dust at a much earlier epoch (see ISmith et al. [[20081 : 
iMattila et aHbOOSl , and Section|4T]of this paper) 

Unfortunately, so far no SN Ibn has been observed during the 
rising phase to maximum. However, some detection limits were ob- 
tained close enough to the first detection and indicate that the ris- 
ing branch of the light curve is extremely fast, similar to what we 
see in some core-collapse SNe which show evidence of interaction 
with a CSM (e.g SNe 1983K, 1993ad and 1994W, rNiemela et al. 



1985; Phillips etal. 1990; Pollas et al. 1993; Tsvetkov & PavlvukI 
1995; Sollerman et al. 1998; Chugai et al. 2004), but also in more 
classical non-interacting type II SNe (e.g. SN e 2005cs and 2006bp, 
iPastorello et alj2008bl ; lOuimbv et al. Il2()07l) . 



4.1 Quasi-Bolometric Light Curve 

In Fig.|9]the quasi-bolometric (uvoir) light curve of the representa- 
tive type Ibn SN 2006jc (filled circles), is compared with the curves 
of some well-observed type Ib/c SNe and the type Iln SN 1999E 
(though the core-collapse natur e of this SN is disputed due to the 
similarity to SN 2002ic, see e.g. lHamuv et al. ll2003l ; lBenetti et al. I 
|2006b). All light curves are computed by integrating the fluxes in 
the optical (UBVRI) and NIR (JHK) bands. The uvoir curve of 
SN 1999E is remarkably flatter and more luminous than that of 
any other SN in Fig. [9] This is because it is mostly powered by 
the energy output fr om the interaction between SN ejecta and CSM 
( lRigonetal.ll2003h . The uvoir curve of SN 2006jc is similar to 
those of non-interacting, rather luminous core-collapse SNe (Fig. 
O, suggesting that the ejecta-CSM interaction probably plays only 
a minor role in the luminosity e volution of this SN Ibn (Section|4j2] 
see also lTominaga et ai7ll2007l) . 

The fast rise, asymmetric, luminous peak and rapid decline 
of the unfiltered light curve of SN 1999cq (see Fig. [8]l are remi- 
nisc ent of some b right SNe IIL (e.g. SNe 1979C and 1980K, see 
Patat et al. 1 1 19941 and references therein). Isartunov & Blinnikov I 
( Il992h explained the observed properties of the early light curves 
of luminous type IIL SNe with a standard core-collapse explosion 
in which the optical peak results from the reprocessing of UV pho- 
tons in a circumstellar shell generated by a superwind of the SN 
precursor. Alternatively, the early light curve of SNe Ibn might be 
equally well explained invoking a mechanism analogous (though 
on a shorter time scale) to the H recombination which produces 
the long-duration phase with almost constant luminosity (plateau) 
characterizing SNe IIP. In the case of SNe Ibn, the recombination of 
the residual He envelope could be responsible for the asymmetric, 
luminous light curve peak (see Section|4j2]l. 

In Fig.|9]we also show the light curve of SN 2006jc obtained 
by integrating the flux contribution from the optical bands only 
(open circles). Starting from 50-60 days past-maximum, this di- 
verges significantly from the uvoir light curve (including the NIR 
contribution, filled circles), suggesting that a significant amount 
of dust is forming, extinguishing the light at the optical wave- 
lengths and re-em itting it in the infrared domain (for details, see 
IMattila et alT1l200 8). Since similar steep decays in the optical light 
curves are also o bserved in SNe 1999cq and 2002ao (see also 
iFolev et al. Il2007h , we could reasonably argue that the formation 
of a significant amount of dust might be a common characteris- 
tic of most type Ibn events. Unfortunately, apart from SN 2006jc 
and only one epoch of NIR observations of SN 2000er with rather 
large photometric uncertainties, no other infrared observations are 
available for other SNe Ibn to test for the appearance of an in- 
frared excess contemporaneous with the rapid optical luminosity 
decline. This phenomenon is observed at quite early stages in SN 
2006jc and, as already indicated, is probably due to dust forming in 
a rapidly cooling shell as a result of the eject a-CSM shock interac- 
tio n. This scenar i o is di scussed extensively in lMattila et al. I ( 1200 Sh 
and lSmith et aT] ( |2008|) . 



4.2 Light Curve Modelling 

One way to derive information on the explosion parameters of SNe 
is the modelling of the bolometric light curve. Hereafter, we will 
assume that the interaction between ejecta and CSM plays a minor 
role in the bolometric evolution of SNe Ibn. This is somewhat dis- 
crepant with some observed spectral features and with the X-ray 
detection of at least one of them, SN 2006jc dBrown et al. 1120061 ; 
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Figure 9. Quasi-bolometric (optical+NIR) light curves of luminous core- 
collapse SNe: the SN Ibn 2()()6ic (filled circles), the hypernovae SN 1 998bw 
(Galama et al. 1998; McKenzie & Schaefer 1999; Sollerman et aTl bOOC ; 
Patat et al 2001) and SN 2006aj iMirabal et al. 2006; Cobb et au booe ; 
Plan et al. I i2006; Campana et al. 2006; Sollerman et al. 2006); the broad- 
lined but normally luminous type I c SN 2002ap iYoshii et al. I l20O3l ; 
iFoley et al. II20O3I; Ixomita et al. Il200d) : the typ e lb SN 1999dn (B enetti et 
al. in preparation) and the type Iln SN 1999E jRigon et aflbOOBl though 
the core-collapse nature of this SN 2002ic-like event is debated). The light 
curve of SN 2006jc obtained integrating the optical bands only is also re- 
ported (empty circles), showing the dramatic decline of the optical luminos- 
ity at ~2 months past-maximum. The comparison between the integrated 
optical and optical plus NIR light curves visualizes that after 50-60 days 
most of the SN flux is emitted in the NIR region (Mattila et al. 2008). The 
NIR dat a used to compu t e the q uasi-bolometric l ight curve of SN 2006jc 
are fro m lArkharov et all i2006l) . lKawabata et al.1 feo?.) and .Mattila et al. . 
i2008l) . 

llmmleretal.ll2006L l2008 l). both of which would suggest some 
interaction is actuall y occurring. However, the X-ray luminosity 
(Ilnunleretal.ll2008l) is rather low compared to the IR luminos- 
ity at the same epochs, and this would be against a strong interac- 
tion scenario. Then, SNe Ibn show fast-evolving quasi-bolometric 
light curves (see Fig. |9]l, homogeneous spectro-photometric evo- 
lution and SN 2006jc was undetected at radio wavelengths soon 
after its discovery. The radio luminosity of SN 2006jc was in- 
deed at least 100 times less than that of the broad-line SN Ic 
1998bw (Soderberg 2006), and at most comparable with those 
of normal, non-interacting type Ib/c SNe ( lBergeretal.ll2003h . All 
of this seems inconsistent with a scenario in which the SN ejecta 
are strongly interacting with the CSM, at least during the first few 
months. 

We consider the case of the well-observed SN 2006jc as repre- 
sentative for t he entire class . Here we make use of black body lumi- 
nosities from lMattila et al.1 l l2008l) obtained by fitting two compo- 
nents (hot photosphere and warm dust) to the optical to NIR spec- 
tral energy distribution (SED) of the SN to construct another bolo- 
metric light curve for SN 2006jc. At early times a significant contri- 
bution to the total luminosity is expected to come from wavelengths 
shorter than ~3500A, while at later epochs most of the contribution 



is in the IR domain. Since there were no NIR data for 2006jc ear- 
lier than ~55 days, the blac k body luminosities were obtained only 
for epochs later than this iMattila et al. Il20()8l) . However, at +55 
days the blackbody bolometric luminosity was dominated (more 
than 90% of the total luminosity) by the hot component and was 
about 2 times higher (mainly due to the UV contribution) than the 
uvoir luminosity calculated in Section 1431 of this paper. Missing 
any information on the blackbody bolometric luminosity at earlier 
epochs, we scale up the luminosity earlier than -1-55 days (see Sec- 
tion |4!T) by a factor 2. For epochs later than -1-55 days we scaled 
the uvoir light curve up to match the appropriate blackbody lumi- 
nosities. This provides a rough estimate (probably a lower limit) to 
the early time bolometric luminosity of SN 2006jc. The resulting 
bolometric light curve is shown in Fig. [TO] where it is compared 
with the models described below. 

In our attempt to reproduce its peculiar evolution, we model 
the bolometric light curve of SN 2006jc using three different ex- 
plosion scenarios. In one of the models (model C) we also take 
into account a significant contribution to the energy output from 
the recombination of a residual He envelope: this may be partly 
responsible for the asymmetric peak and the steep post-maximum 
luminosity decay. The He recombination is an additional ingredi- 
ent to a more traditional, simplified treatment of the bolometric 
light curves of SNe Ib/c (Arnett 1982), in which the SN evolu- 
tion can be schematically divided into the photospheric (diffusive) 
phase and the nebular (radioactive) phase. The ejecta are assumed 
to be in homologous expansion and spherically symmetric. Dur- 
ing the photospheric phase, we also assume that the energy output 
comes from the internal thermal energy of the ejecta, the recombi- 
nation of the residual He envelope and the energy produced by the 
^*Ni ^*Co — » ^^Fe decay chain. During the nebular phase, the 
ejecta are optically thin and the SN luminosity is merely supported 
by the energy deposition of y-rays from the ^^Co decay. In the mod- 
els, the effects of incomplete y-ray trapping are taken into account. 
More details on the bolometric light curve m odelling adapte d to H- 
deprived core-collapse SNe can be found in lArnettl l fT983) , while 
the treatment of He recombination is suita bly adapted from the 
analysis presented in IZampieri et al. I ( l2003h for type II SNe with 
massive H envelopes. 

Satisfactory fits to the post-peak bolometric light curve of 
SN 2006jc are obtained assuming JD„-p = 2454000 as an indica- 
tive explosion epoch. After 4 months, the bolometric light curve 
of SN 2006jc flattens, possibly because of the increasing con- 
tribution from the ejecta-CSM interaction or contamination from 
the galaxy background, and deviates significantly from the models 
(Fig. [Toll. Model A (dot-dashed green line in Fig. llOt . which has 
the biggest initial radius (~2xl0'' cm), the lowest expansion ve- 
locity (vo = 8000 km s"') and a very low ejecta mass, fits quite 
well the observed SN data at early times. In this case a low ex- 
plosion energy (<10^' erg) and 0.2-0.3Mo of radioactive ^'Ni are 
required. Such amount of '*Ni, which is surprisingly large com- 
pared with the small total ejected mass, is necessary to reproduce 
the SN light curve. However, if the late-time light curve is contam- 
inated by ejecta-CSM interaction, the ejected '^Ni mass might be 
significantly lower. Model B (blue dashed line) has a smaller ini- 
tial radius (Rq = 4x10'^ cm), moderate ejected mass (about IMq), 
large '*Ni mass (~0.4Mo) and a rather standard explosion energy 
(3x10^' erg). Finally, model C (red dotted line) is the one with 
the smallest initial radius (around 10'^ cm) and the highest ejected 
mass (~5Mq). It requires a very high explosion energy (about lO''' 
erg) and 0.25Mo of ^*Ni. In this model, the recombination of the He 
envelope appears to significantly affect the early-time light curve. 
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Table 4. Physical parameters of models A, B and C presented in Fig. llOl and described in more detail in the text. 



Models 


Ro (10'2 cm) 


Eo erg) 


vo (km s ' ) 


M,, (Mo) 


Mni (Mo) 


A 


25±7 


0.5±0.2 


8000±1()00 


0.6±0.1 


0.25±0.05 


B 


4±2 


3.0±0.5 


14000±1000 


1.0±0.2 


0.40±0.05 


C 


1.5±0.5 


16±5 


1700()±1()00 


4.5±1.0 


0.25±0.05 
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Figure 10. Comparison between the bolometric light curve of SN 2006jc 
(filled black points) and the models A (large initial radius, small mass, low 
energy; green dot-dashed line), B (intermediate radius, ejected mass and 
explosion energy; blue dashed line) and C (small radius, massive ejecta, 
high explosion energy; red dotted line) described in the text. 

producing a peak at about 25 days after the explosion. Model A fits 
the early-time bolometric curve of SN 2006jc very well, although 
the initial radius is unreasonably large for a WR star, which is ex- 
pected to be much more compact. Despite the three best fit models 
appear to be somehow degenerate in the post-peak phase, the late- 
time bolometric curve of SN 2006jc seems better matched by model 
C. The parameters adopted for the three models are listed in Table 

s 

The set of models allows us to constrain the radioactive "'Ni 
mass to be in the range 0.2-0.4Mo. However, a significant contribu- 
tion to the luminosity from the ejecta-CSM interaction would imply 
a much lower ^'Ni mass. The total ejected mass (and hence the pro- 
genitor mass) can not be well constrained, since the three models 
span a wide range of values between 0.5 and 5Mo. The progenitor 
star, at the time of its explosion, could have been even more mas- 
sive than ~7Mo (this is the pre-SN mass roughly derived adding the 
mass of the remnant to the ejected mass of model C, and it is re- 
markably similar to that adopted bv lTominaga et al. l2007h because 
low-velocity material arising from a massive C-O mantle may well 
be present without significantly affecting the observed light curve. 

Even though this preliminary data modelling cannot discrim- 
inate between high and low mass ejecta, the latter scenario seems 
inconsistent with other observational evidences. I n particular, the 
observed major eruption preceding SN 2006jc jPastorello et al.l 



l2007al) and the large amount of material lost by the star before its 
core-collapse would suggest an originally very massive progeni- 
tor. Future, detailed light curve and spectral modelling accounting 
also for the effects of the ejecta-CSM interaction, would provide 
more robust constraints on the physical parameters of SN 2006jc 
and similar events. 



5 PROGENITORS OF TYPE IBN SUPERNOVAE 

SN 2006jc has provided an excellent opportunity to study the nature 
of these objects, and to probe the nature of the progenitor stars. In 
]Pastorello et al. ( 2007a) two different scenarios were discussed for 
the precursor star of SN 2006jc: a single WR star, originally very 
massive (up to lOOMo) and, alternatively, a double system formed 
by an LBV (responsible for the 2004 outburst) and a canonical WR 
star which exploded to produce SN 2006jc. In the following we will 
analyze in more detail these two scenarios, extending the discussion 
to the precursors of all SNe Ibc. 



5.1 Single Massive Progenitor Scenario 

A possible interpretation for the last period in the life of the pro- 
genitor of SN 2006jc is that an evolved WR star suffered a He- 
rich, lumin ous outburst in 2004 followed by the core-co llapse two 
years later jltagaki et al.1l2006l ; IPastorello et alj|2007a '). However 
this sequence of events is at odds with our current understanding 
of the late stages of evolution of the most massive stars. For ex- 
ample we have no evidence locally that evolved WR stars produce 
sporadic He-rich mass ejections. There may be some evidence of a 
link between Ofpe/WN9 stars and LBVs but such objects still re- 
tain a He and H dominated envelope. The progenitor of SN 2006jc 
is not likely to have been such a WN-LBV transition object when 
it underwent core-collapse, as there was no clear spectroscopic ev- 
idence of broad He I or H features which could be attributed to 
the high-velocity ejecta. The analysis of the spectral properties 
jPastorello et"aiTl2007 d : [Foley et al. II2007I) showed that the ejecta 
of SN 2006jc were rich in intermediate-mass elements like normal 
SNe Ic, and there was evidence of the presence of a slowly mov- 
ing. He-rich CSM. Luminous outbursts, such as that observed in 

2004 at Mr 14.1 coincident with the position of SN 2006jc 

(UG C 4904-Vl), are expected to be p roduced by proper LBV stars 
only jPavidson & Humphreys Ill997h which are generally He and 
H rich, and indeed the outburst is accompanied by the ejection of a 
large fraction of the outer envelope ( Humphreys et al. 1999). How- 
ever current stellar evolutionary theory would not predict that such 
77-Car type objects would undergo core-collapse so close (2 y ears) 
to the LBV stage faeger et al. ll2003l ; lEldridge & Vinkll2006l) . In- 
stead, it would suggest a residual life time for the star of another 
10,000-100,000 years. 

One would then be forced to conclude that the 2004 luminous 
outburst was produced by a WR star, which (almost) completely 
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stripped its He envelope. The naked C-0 WR star was still em- 
bedded in the He-rich CSM at the time of the core-collapse. Since 
similar narrow He I features were observed in the spectra of all SNe 
Ibn, we can reasonably conclude that all their WR precursor stars 
likely suffered similar dramatic mass loss episodes shortly before 
their death as SNe. While we cannot completely exclude the pres- 
ence of broad He I components in the spectra of SN 2006jc, there is 
unequivocal evidence of such broad features only in the early-time 
spectra of SN 2000er and in the mid-age spectra of SN 2002ao. In 
these SNe, the narrow (1000-2000 km s"') circumstellar He I lines 
are found atop the broad (~5000 km s"') He I components. This 
suggests that at least these two objects underwent core-collapse 
when the progenitor stars were in the transition between WN and 
WC phase (for details on the physical sub-classifica tion of WR 



stars, see e.g. Eldridge & Vink 2006; Crowther 2007). 

Recently, .Smith et al. . (2007.) and Langer et aU 20071) pro- 
posed that the bright type Iln SN 2006gy (see also Ofek et alTI 



l2007h might be a pair-creation SN (PCSN), an exotic event pro- 
duced by the e xplosion of a very massive star (more than IOOMq, 
iHeger & Wooslev fcooA . Though some of the expected properties 
of PCSNe are consistent also with the observables of type Ibn SNe 
(e.g. moderate to low metallicity of the host galaxies, slow observed 
spectral evolution, high peak luminosity, moderate expansion ve- 
locity of the ejecta), PCSNe are believed to produce a much larger 
amount of '*Ni than observed in SN 2006jc and similar events. 

An alternative scenario, in good agreement with the ob- 
served properties of SN 2006gy and the brightest interacting SNe, 
was presented by Woosl ev et al. 1 ( l2007t) . Some of these luminous 
events might originate from the collision between shells of ma- 
terial ejected by very massive stars (originally in the range 100- 
130Mo). The mechanism that leads to the ejection of many solar 
masses of the envelope, but not necessarily the explosion of the en- 
tire star, is the production of electron-positron pairs. After the first 
outburst, the stellar nucleus contracts, searching for a new phase 
of stable burning. A subsequent explosion may occur shortly after, 
ejecting several solar masses of material, which eventually collides 
with the mater i al exp elled in the previous outburst. According to 
I Wooslev et al. I ( 12007 ) . the luminosity of such events can be up to 
10 times higher than that of a CC-SN. After the entire H envelope 
is stripped away, also a sufficiently high mass of th e remaining He 
core may generate multiple ejections of material d Wooslev et al. I 
[2007). In light of all of this, the progenitor of SN 2006jc might have 
had a similar fate, experiencing the last episode of such a sequence 
of luminous outbursts in 2004, followed by the core-collapse of the 
residual C-0 core in 2006. 

5.2 Binary (LBV-hWR) Scenario 

Although the single, massive progenitor scenario may offer some 
compelling explanations for most of the observed SN properties, 
it is at odds with current evolutionary theories in which no ma- 
jor LBV-like outburst is expected from a WR star. Even more sur- 
prising is that it occurred so close in time (only 2 years before) to 
the collapse of the stellar core. There is also no observational evi- 
dence that any WR-type star has ever undergone such a luminous 
outburst. All the bright outbursts from very massive stars h ave oc- 
curred in He-(-H-rich LBV stars faumphrevs et al. Ill999i) . These 
outbu rsts are likely accom panied by an ejection of ~10 M© of ma- 
terial jSmith et al. Il2003h , which is uncomfortably large to be con- 
sistent with an evolved WR progenitor. 

An intriguing feature is the presence of a weak and narrow Ha 
(vfwhm ~ 1000 km s"') in the late-time spectra of SN 2006jc (see 



Fig.[6land [Smith et al. Ilioosi) . This evidence, together with the de- 
tection of the luminous outburst in October 2004, led us to propose 
an alternative scenario, i.e. a binary syste m composed of two mas - 
sive stars at different evolutionary stages jPastorello et al.|[2007ah . 
The pair could be formed by a typical LBV producing the 2004 
transient and a more evolved WR star exploding as a supernova. 
The LBV is losing its H envelope via recurrent outbursts like UGC 
4904-Vl, while the ejecta of SN 2006jc are colliding with the dense 
He-rich wind from the WR precursor star, possibly triggered by the 
binary interaction. Only once the SN ejecta reach the H-rich shell 
produced by the LBV, the narrow H emission lines become visible 
in the SN spectra. While the overall spectral evolution is similar 
in the type Ibn SN group, there are significant differences in the 
strength of the Ha emission: it is clea rly visible in the 1 .5 month 
old spectrum of SN 2002ao shown bv lFolev et al. I ( l2007l see also 
our Fig.[7]>, very weak in SN 2006jc and undetected in SN 1999cq 
jMatheson et al. II2OO0I) and in the very early spectra of SN 2000er. 
While the increasing strength of Ha in the spectra of SN 2002ao 
would suggest a scenario analogous to that of SN 2006jc, this is 
not necessarily true in the cases of SNe 1999cq and 2000er, which 
do not show any evidence of narrow H lines in their spectra. 

The probability of discovering binary systems composed by 
massive stars evolving with the same time scales might appear 
quite low. However, massive binary systems in which one com- 
ponent is a WR star are frequently found in the Galaxy and 
the Local Group. In fact, a system similar to the putative pre- 
cursor binary producing SN 2006jc is well know n in the Small 
Magellanic Cloud: HD5980 ('Koenigsberger I l2004 and references 
therein). The system consists of a primary massive star of about 
5OM0 suflFering episodic LBV outbursts suggesting that the star 
is on its way to evolve into a He-r ich WR star jBarba et al. I 
ll995l : lKoenigsberger et al. 1 19941 19951) , and a more evolved eclips- 
ing companion already beyond the LBV phase and identified 
as a ~28Mo WR star ( Koeni gsberger et al. 1 12002|) . The system 
might be even more complex, possibly hosting a third (04-06 
type) star, gravitationally boun d to the system but with a very 
long orbital period jN iemela I 988I : iBrevsaclier &Perrier|[T99ll : 
iKoenigsberger et aU 12002). However, binary systems consisting 
of a WR star with a massive companion which may span a large 
range of evolutionary stages (main sequence O-type stars, red 
supergiants, LBVs or other WR stars) are quite common, e.g. 
syste ms with a WR plus a massive main s equen ce O-type star 
fVm d en Hutch 2001; Setia Gunawa n et allbOOll) , or WR bina- 
ries [Conti & Massev ■ ,1989, ; .Foellmi et al. I l2003al lbb. Moreover, 
lEldridgeT i 2007 ) found that very massive stars which are thought 
to produce type Ic SNe are more likely to have a binary compan- 
ion, possibly an LBV, than lowe r mass stars. In f act, assuming a 
flat secondary mass distribution, lEldridgel j2007h estimated that 
60 percent of the companions of 200Mo primary SN precursors in 
binary systems are post-main sequence objects, and therefore po- 
tentially LBVs. For a lOOM© star the percentage decreases to 40 
percent, while for a 50Mo star, it is only 20 percent. With this ev- 
idence, a SN explosion of a WR star whose ejecta may at some 
stages collide with CSM released by the companion star might not 
be an unrealistic event. 



6 FREQUENCY OF TYPE IBN SUPERNOVAE 

So far, only the 4 objects described in this pape r (plus maybe 
the transitional SN 20051a. [Pastorello et aLll2008ah can be prop- 
erly classified as type Ibn SNe. Since none were discovered before 
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Figure 11. V-band absolu te light curve of SN 1885A 
ide Vaucouleurs & CorwinI Il985l) compared with thos e of S N 2006ic 
and t he low-luminosity SN la 1998de jModiaz e t al7 2001; Jha et al. 
l2006h . The early, unfiltered hght curve of 1999cQ jkatheson et al. .,200^ 
is also shown. 

1999, one may raise the question if these events are intrinsically 
rare or, perhaps, more common but misclassified in the past be- 
cause of the inadequate spectral and photometric monitoring. Al- 
though these SNe have unique characteristics, we can suggest only 
one object discovered before 1999 that may have some observed 
properties in common with SNe Ibn: the historical SN 1885 A. 

6.1 The Enigmatic SN 1885 A (S Andromedae) 

The light curve of SN 1885 A (also known as variable S An- 
dromedae) was characterized by a surprising, rapid rise to peak 
similar to that observed in SNe Ibn (see Fig. fTTT ). This enigmatic 
SN event has bee n considered up to now as a peculiar 1991bg-like 
type la SN (e.g., Ivan den Bergh 1 11994) . However, its light curve 
is different from that of any other SN la observed so far, having 
an asymmetric shape and an extremely fast post-max decline (Fig. 
fTTT l. For the visual li ght curve of SN 1885A a Ami5(V) = 2.28 
mag was estimated by I van den Bergh I ( l2002h . This is much more 
than the V band post-maximum decline of the under-luminous 
type la SN 1998de (Arai5(V) = 1.31 mag. Modiaz et al. 200lh. 
Using a relationship between colour and decline rate for under - 
luminous 1991bg-like SNe la (see also iGamavich et al. 1 12004|) . 
Ivan den Bergh N2002I) obtained a value of Ami5(fi) - 2.21 mag, 
which is not only inconsistent with that of a normal SN la, but 
also much higher than any 1991bg-like event observed so far , 
being in the range betw een 1.6 and 2 jGamavich et al. I l2004l : 
iTaubenberger et al. l2007h . In addition, even with negligible extinc- 
tion, SN I885A is more lu minous than the 199 1 bg-like SNe (se e 
e.g. SN 1998de in FigfTTI 'M odiaz et al. II2OO1I : Ijha et al. Il2006h . 
Some observed characteristics of the light curve of SN 1885 A 
mimic those of SN 2006jc and similar objects, although its lumi- 
nosity appears to be lower than those of the four events discussed 



here. However, the host galaxy reddening is poorly known, and a 
significant internal extinction would make SN 1885 A brighter and 
bluer. The pre-maximum rise of its light curve is extremely fast: 
the S N brightened by 3 magnitudes in 3-4 days jvan den Bergh I 
'2002"). Such a fast luminosity evolution is comparable to that of the 
SNe of our sample, as tentatively determined from the epochs of 
pre-discovery limits and the earliest detections. 

So, can SN 1 885 A be considered as a nearby, histori- 
cal analogue of SN 2006jc? There is some other evidence 
that might favour this scena rio. A historical spectrum of SN 
1885 A is described bv ide Vaucouleurs & CorwinTd 19851 . and ref- 
erence s therein). The s pectrum shows a continuum (blue, accord- 
ing to |Sh erman|[T886l) with possible absorption features at about 
4500A and 5700A, and several bright bumps that have been in- 
terpreted as emission features. In particular the strongest of them 
is at about 5880A which was noted in all his torical observations 
reported by Ide Vaucouleurs & Corwin T his is qui t e con- 

sistent with the He I 5876A emission. Moreover. iBranch 1l ll987h 
classified SN 1885 A as a peculiar type I SN (possibly of type lb) 
remarking on the absence of prominent absorption features at about 
6150A. Hence the Si II 6355 A absorption component typical of 
SNe la is probably missing. 

Despite this, a number of papers describing ground based and 
HST narrow-band imaging of the SN remna nt (Fesen et al. 198^ 
1 1 999I : [Hamilton & FesenkOOdlFesen et al. Il2007h argue in favour 
of a type la nature for SN 1885 A. All these studies show the rem- 
nant of SN 1885 A to have spherical symmetry and to be detected 
in absorption against the luminous bulge of the host galaxy (M31), 
because of the prominent Ca I, Ca II, Fe I and Fe II absorption 
lines characterizing the remnant. Abundance arguments, the sym- 
metric shape of the remnant and the lack of major star formation in 
the bulge of M3 1 would all support a thermonuclear explosion sce- 
nario. However the abundan ces predicted in the se papers and the 
moderate ejected ""^Ni mass jFesen et al. I I2OO7I) are not inconsis- 
tent with those of luminous H-deprived core-collapse SNe. There 
is some evidence that massive stars which explode as core-collapse 
SNe may sometimes be hosted in SO and early spiral galaxies, like 
the extremely luminous SN 2006gy (Smith etal. 2007) and the 
ultra-faint SN IIP M85-OT2006 tPastorello et al..,2007h) . although 
we would admi t that the true nature of these transients i s currently 
being debated l Ofek et al. iboOTi : iKulkami et a"ni2007l : iRauetal.l 
2007). Despite the decades of studies of SN 1885A, the real nature 
of this event still remains a puzzle. 



6.2 Type Ibn SN rate 

Some basic properties of SN progenitors (such as their interval of 
initial mass) can be estimated through the measurement of the local 
SN rates (e.g . Cappellaro et al. 1997, 1999; Mannucci et al. 200^, 
I2OO6I; iBotticella et al. 1120081) . The measurement of the SN rate is 
based on the "control time" methodology, developed by Zwicky in 
the 1930s which requires intensive observational campaigns on se- 
lected galaxies and the use of light curve templates for each SN 
type. For the case of SNe Ibn the estimate of their frequency of oc- 
currence is complicated by the fact that the total amount of the con- 
trol time is not accessible and the available statistics are made up 
of just a handful of objects. However, we can attempt to get around 
these drawbacks by assuming that all galaxies within a given vol- 
ume have been monitored consistently and with similar control 
times. If this is assumed true, a rough estimate of the rate of SNe 
Ibn can be derived after re-scaling the rate of core-collapse SNe 
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Figure 12. Cumulative distribution of the radial velocities of the host galax- 
ies of all CC SN types (green line) and type Ibn SNe only (red line), within 
cz ~ 10000 km s"', as deiived from the Asiago Supernova Catalogue. 

(CC SNe) (expressed in terms of SNuB or with the ratio 

(SNe Ibn)/(CC SNe). The distance limit has been set after compar- 
ing the cumulative frequencies of the distribution of core-collapse 
SNe and SNe Ibn, which result to be statistically indistinguishable 
within cz ~ 10000 km s"' (see Fig.[T2l Kolmogorov-Smimov prob- 
ability P=0.74). We also note that the first SN which can be prop- 
erly classified as a type Ibn event has been discovered in 1999. 
Though intrinsically rare, it is very likely that some other SNe Ibn 
might have occurred before 1999, but probably mis-classified, due 
to poor spectroscopic follow-up, as type Iln or Ib/c events (or even 
as peculiar type la SNe, see Section |6Tl l. Therefore a temporal cut- 
off around 1999 has been appli ed to the upgraded v ersion of the 
Asiago SN catalogu^ (see also iBarbon et al. II 199^ . Our analy- 
sis finds that, after 1999, 700 SNe have been classified as type II 
or Ib/c SNe within cz = 10000 k m s~'. From this, and c onsidering 
also the transitional SN 20051a jPastorello et alj|2008 j) as a type 
Ibn SN event, we derive a ratio (SNe Ibn)/(CC SNe) ~ 10"- which 
corresponds to 0.005-0.01 SNuB and 0.002-0.008 SNuM after as- 
suming an average Hubble type for the parent galaxies of SNe Ibn 
ranging from Sa to Scd (see col. 5 in Table[TJ. 

These values are remarkably consistent with the ratio (SNe 
Ibn)/(CC SNe) derived taking into account all the nearby (v,-„. < 
2000 km s"') core-collapse SN events discovered during the pe- 
riod 1999-2006. W ith a total sample of 76 core-collapse SNe, 
ISmarttetal.l j2008l) found (SNe Ibn)/(CC SNe) ^ 2.5 x lO-^. 



7 SUMMARY 

We have presented new data for three type Ibn SNe, i.e. SN 2000er, 
SN 2002ao and SN 2006jc. In particular, the early-time data of 
SN 2000er show, for the first time, the early spectroscopic be- 
haviour of a type Ibn event. Early-time spectra of SN 2000er show 
relatively broad wings in the He I lines, with additional much nar- 
rower components. The detection of broad He I spectral features is 

^ SNuB is the number of SNe per century per IO'^Lq in the B band, while 
SNuM is the number of SNe per century per IO'^Mq of stellar mass. 
http://web.oapd.inaf.it/supern/cat/ 



unequivocal evidence for the presence of He also in the SN ejecta, 
not only in the CSM. Therefore, a residual envelope of He might 
be present in the progenitors of some SNe Ibn. Finally, the very 
late spectra of SN 2006jc still show strong narrow circumstellar He 
I lines, together with an emerging Ha likely produced in another 
CSM region. 

This data set allows us to highlight some key points concern- 
ing this new class of SNe, since we have now a better picture of 
the overall spectro-photometric evolution of SNe Ibn, which is es- 
sential to better constrain the characteristics of this class: i) SNe 
Ibn show a surprisingly high degree of homogeneity, which is un- 
expected if the ejecta were strongly interacting with surrounding 
CSM; ii) the modelling of the bolometric light curve of SN 2006jc 
(assuming no ejecta-CSM interaction) suggests that an amount of 
0.2-0.4Mq of '*Ni was ejected. The mass of '*Ni could even be 
slightly higher for the brightest SNe Ibn (e.g. SN 1999cq). How- 
ever, we cannot exclude that the interaction between SN ejecta and 
CSM may power the light curves of SNe Ibn to some degree, hence 
the ^^Ni mass might be somewhat lower; iii) the observed data can 
be modelled without invoking extraordinarily massive ejecta; iv) 
their intrinsic rarity (being ~ 1% of all core-collapse SNe) is prob- 
ably due to the fact that they arise from a rather exotic progenitor 
scenario, consistent with either a post-LBV/early- WR channel of a 
very massive (60-100Mq) star, orabinary (or even multiple) system 
formed by a normal LBV plus a core-collapsing WR companion. 
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